We consider the nonstandard parts supply chain with a public service platform for machinery integration in China. The platform assigns orders placed by a machinery enterprise to multiple independent manufacturers who produce nonstandard parts and makes production schedule and batch delivery schedule for each manufacturer in a coordinate manner. Each manufacturer has only one plant with parallel machines and is located at a location far away from other manufacturers. Orders are first processed at the plants and then directly shipped from the plants to the enterprise in order to be finished before a given deadline. We study the above integrated production-distribution scheduling problem with multiple manufacturers to maximize a weight sum of the profit of each manufacturer under the constraints that all orders are finished before the deadline and the profit of each manufacturer is not negative. According to the optimal condition analysis, we formulate the problem as a mixed integer programming model and use CPLEX to solve it.
Introduction
Machinery and equipment manufacturing play increasingly important role in economic development of China especially in recent years. Meanwhile, many enterprises in China which produce machinery commonly encountered the problem that they need to search for manufacturers who produce nonstandard parts of the machinery, evaluate their production capability, and monitor their operations to ensure the progress and quality for the assigned orders for the reason that most of nonstandard parts manufacturers in China are extremely small and lacking enterprise credits. Therefore, as is shown in Figure 1 , some public service platforms are established by third-party organizations to receive orders from machinery manufacturing enterprises, assign orders to the manufacturers which are authenticated by the platform, make schedules for each manufacturer because of its weak operation capabilities, and monitor progress of the production and distribution for each order in each manufacturer. In this paper, we consider the schedule making service of public platform. The service is to schedule production and distribution operations of each manufacturer in a coordinated and efficient manner so as to finish the orders placed by an enterprise before the deadline and make profit for each manufacturer.
In this paper, we consider a simplified version of the integrated production-distribution scheduling problem with multiple independent manufacturers located at different locations for the above-described supply chain. In this problem, the platform receives a set of orders from the enterprise and needs to determine which orders to be assigned to which manufacturers, how to schedule the production of the assigned orders at each manufacturer, and how to schedule the distribution of the completed orders from each manufacturer to the enterprise, so as to optimize the total weight sum of each manufacturer's profit under the constraints that the orders are finished before a deadline and the profit of each manufacturer is not negative.
The problem can be grouped into the integrated production and outbound distribution scheduling problems [1] with multiple plants at different locations. As pointed out by Chen [1] in 2010, "the research on integrated productiondistribution models at the detailed scheduling level is fairly recent; the majority of the work in this area was done in the last five years." In recent integrated production-distribution models, the objective of which is to optimize one or a combination of the time-based and cost-based performance measures, Hall and Potts [2, 3] considered a different set of models with batch delivery by direct shipping method that treats both delivery lead time and transportation cost as part of the objective in the supply chain of one plant and several customers. Pundoor and Chen [4] considered maximum delivery tardiness and the total distribution cost in the models. Chen and Vairaktarakis [5] studied a set of models with batch delivery by routing method that treats mean lead time and maximum lead time as part of the objective, respectively. Chen and Pundoor [6] also introduced a model of one supplier and one customer, the objective of which is to make the total distribution cost minimized subject to the constraint that orders should be finished before their deadlines or average delivery lead time of the orders should be satisfied within a given threshold. Dong et al. [7] proposed an approximation algorithm for a model with single plant and single customer to minimize the delivery time of the last order. In this model, a two-machine open shop is applied to process orders and a single vehicle is used to deliver orders. Ullrich [8] proposed a genetic algorithm for the model with a single plant and multiple customers so as to minimize total tardiness. After that, Low et al. [9] studied the case with heterogeneous fleet of vehicles. However, compared with models with single plant, there are little literatures concentrated on multiple plants. Chen and Pundoor [10] introduced the order assignment and scheduling problem with multiple overseas plants and a domestic distribution center in a global supply chain, and they considered four different performance measures, all of which take into account both delivery lead time and the total cost. Jiang and Li [11] [12] [13] expended a model introduced in [10] from one customer to multiple and from one machine in each plant to parallel machines, respectively. Till now, little attention in literatures is paid to the profit as the objective of the model because the plants in the supply chain belong to the same manufacturer and the profit can be calculated easily by the price of orders, production cost, and transportation cost. The structure of the supply chain with a public service platform is similar to that of manufacturing collaborative alliance [14] which plays a role in making independent manufacturing enterprises cooperate to finish a task that one of the enterprises cannot undertake. However, most of researches on manufacturing collaborative alliance are concentrated on supplier selection and order allocation stages (e.g., [15] [16] [17] ; among others). In this paper, we will not only consider order assignment but also take scheduling in production stage and distribution stage into consider.
The objective of this paper is to describe the problem mathematically in a coordinate manner and analyse optimal conditions of the problem to simplify the problem and solve the problem.
Formulation

Problem Description.
A public service platform receives independent orders from an enterprise, = {1, 2, . . . , }, at time 0, and all of the orders should be processed and delivered to the enterprise before a deadline . The price of order afforded by the enterprise is , ∈ . In the production stage, there are manufacturers authenticated by the platform, = {1, 2, . . . , }, and manufacturer has parallel machines and is capable of producing all the orders, ∈ . It takes units of processing time and units of production cost for manufacturer to process order , for ∈ and ∈ . Each order only needs to be processed by one machine once without interruption. In the distribution stage, we adopt the assumption provided by Chen and Pundoor [10] that completed orders are delivered to the enterprise directly from the manufacturer and no vehicle routing is allowed between any two manufacturers. The assumption makes sense in many practical situations where the manufacturers are far away from each other. The delivery time and delivery cost of a shipment from manufacturer to the enterprise are and , respectively. Each delivery shipment has a capacity limit; it can carry up to orders. We assume that each order takes up the same amount of capacity of a shipment and that partial delivery of an order is not allowed. The problem is to assign each order to a manufacturer, schedule the processing of the orders assigned to each manufacturer, and schedule the delivery of the completed orders from each manufacturer to the enterprise, so as to maximize a weight sum of the profit of each manufacturer under the condition that the profit of each manufacturer is not negative.
A solution of the problem includes three parts: order assignment schedule, production schedule, and batch delivery schedule. The order assignment schedule is to determine which orders to be assigned to each machine of manufacturers. The production schedule is to determine which sequence of the orders to use in each machine and when to start processing each order. Similarly, the batch delivery schedule is to determine how many shipments to use from each manufacturer to the enterprise, which orders to be delivered in each shipment, and when each shipment should depart from the manufacturer. For ease of presentation, we use ( , , ) to represent a solution of the problem. describes an order assignment schedule, describes a production schedule associated with , and describes a batch delivery Mathematical Problems in Engineering 3 schedule associated with . Denote Ω as a set including all solutions feasible for the problem.
For a given solution ( , , ), we define the following: max ( , , ): the maximum lead time of the orders processing in manufacturer ;
( , , ): the profit of manufacturer .
The problem can be formulated as
The objective function is to maximize a weight sum of the profit of each manufacturer, where is a given constant representing the decision maker's relative preference on manufacturer , which may concern the grade of the manufacturer evaluated by the authenticate manufacturers service of the platform. The higher is the grade of the manufacturer , the larger is . This implies that the manufacturer with high grade will have the opportunity to gain more profits. Constraint (2) expresses that the profit of each manufacturer should not be negative. Constraint (3) shows that all orders should be delivered to the enterprise before the deadline.
Preliminary Results
Theorem 1. There exists an optimal solution for the problem in which all of the following hold. (i) There is no inserted idle time between orders processed on each machine.
(ii) 
According to the above preliminary results, the problem can be formulated as follows.
Decision Variable. Consider the following.
= 1 where order is assigned to the th machine of manufacturer ; 0, otherwise.
is the number of shipments from manufacturer .
Temporary Variable. is the profit of manufacturer :
∈ {0, 1} , ≥ 0 integer, ∀ ∈ {1, . . . , } ; ∀ ∈ ; ∀ ∈ .
Constraint (8) is that the profit of each manufacturer should not be negative. Constraint (9) is to confirm that all orders should be delivered to the enterprise before due date. Constraint (10) confirms that all orders should be processed by a machine once. Constraint (11) is used to calculate the delivery batch. Constraint (9) can also be described as follows:
Thus, the model is converted into a mixed integer programming model. The mixed integer programming model can be solved by business software, such as ILOG-CPLEX and LINGO.
Calculation Analysis
The purpose of the numerical experiment is to verify the mixed integer programming model in a simulated instance. The model was coded in the Visual C++ 2005 and solved using the optimization package ILOG-CPLEX 12.2. The computation was executed using an Intel Core2 Duo CPU 2.2 GHz processor and 1.0 GB of RAM. Parameters of orders including price of each order, processing time, and production cost for each order in each plant are listed in Table 1 .
Parameters of distribution including delivery cost and delivery time are listed in Table 2 .
The optimal objective value of the simulated instance is 1950.
The profit of manufacturer 1 is 1 = 569.
The profit of manufacturer 2 is 2 = 650.
The profit of manufacturer 3 is 3 = 731.
The optimal solution of the simulated instance is listed in Table 3 .
The detail information of the optimal solution can be shown in Figure 2. 
Conclusion
In this paper, we study a static and deterministic integrated production-distribution scheduling problem with multiple independent manufacturers and develop a mixed integer programming model to maximize a weight sum of the profit of each manufacturer in the supply chain under the constraints that all orders should be finished before a common deadline and the profits of all manufacturer are not negative. The problem can be solved efficiently when the number of plants, the number of orders, and the value of shipment limit are not big by using CPLEX. However, the time CPLEX required to solve the problem will increase exponentially with the number of plants, the number of orders, and the value of shipment limit. Therefore, heuristic algorithm will be a valuable approach to solve the problem, which is worth studying in the future. In addition, in our model, we assumed that no vehicle routing is allowed among the manufacturers. Vehicle routing method is an efficient way for manufacturers to decrease the delivery cost, and it deserves future research.
